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Performance of a Braced Excavation in Siltstone 
Wolfgang Roth, Anthony Stirbys, Corbin de Rubertis, 
and Richard Ellis 
Dames & Moore, Los Angeles, California 
SYNOPSIS A case history and analysis are presented of a 76-foot deep braced excavation in competent silt- and claystone 
formations. Soldier piles and lagging were supported by three levels of struts above three levels of tie-backs. During 
construction, measured strut loads exceeded design levels by up to 100 percent, and additional struts were installed in the 
upper portion of the excavation. Back analysis performed after construction indicated that large horizontal insitu stresses 
(K0 = 1) in the region had contributed to the overloading. It was also shown that the problem had been compounded by the 
practice of pre loading the struts upon installation. The analysis further indicated that for excavations in competent, rock-like 
materials, excess strut loads can be safely relieved by allowing small elastic deflections of the excavation walls to take place. 
A simple design scheme is suggested which would allow such deformations without adversely affecting the overall 
performance of the excavation support system. 
INTRODUCTION 
The relatively rigid support of braced excavations does 
not allow for wall deflections large enough to develop 
active-earth pressure conditions. Wall design pressures 
are therefore based on empirical diagrams t,c.g.: Peck, 
1969; Tschebotarioff, 1973; a.o.) which typically exceed 
theoretical Rankine or Coulomb earth pressures. These 
diagrams were originally developed for sands, and soft 
and stiff clays. The range of materials for which they 
are applied is often extended to soft rocks, however, 
because there are no convenient diagrams av::~.ilable for 
these border-line "soils." The case history presented in 
this paper discusses some potential p!~Qblems with this 
approach, and how they could be avoided. 
Barring adversely-dipping, weak bedding planes, 
excavations in soft-rock "soils" could actually stand to 
great depths without any support at all. Hence, earth 
pressures against support systems would approach zero 
if excavation walls were allowed to mobilize sufficient 
shear strength to be self-supporting. Strength 
mobilization can be achieved by allowing the excavation 
walls to deflect inwardly. On the other hand, the 
compressive, outward wall deflections produced by strut 
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preloading can result in wall pressures far in excess of 
the empirical pressure diagrams mentioned above. 
Because higher design loads result in stiffer support 
systems which, in turn, attract higher wall pressures, 
most assumed design earth pressures can be backed up 
and "proven necessary" by field measurements. This 
dilemma is compounded by strut preloading -- to the 
point that one can induce and measure earth pressure 
distributions to match almost ·any design assumptions. 
Further complicating the issue is the fact that the 
deformation behavior of silt- and claystones is time 
dependent. Hence, even a support system which allows 
for initial elastic deformations of the excavation walls can 
still attract significant additional loads over time. 
Depending on the insitu-stress state, such loads can be 
much higher than expected from "normal" at-rest 
conditions CKo = 0 .5). 
It should be noted that on rare occasions, weak and 
adversely dipping bedding planes may require additional 
measures to safely support any wedge-type failures that 
may develop. Bedrock in the subject excavations (Civic 
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Center and Pershing Square stations) was competent 
without adverse bedding or jointing conditions. 
Computed factors of safety against sliding without 
support were about 4 or better. 
CASEffiSTORY 
The Civic Center station of the Los Angeles Metro 
Redline was excavated in siltstones of the Fernando and 
Puente formations locally referred to as "bedrock." 
Temporary excavation support was provided by deck 
beams at street level, two levels of 18-foot spaced pipe 
struts, and three levels of 6-foot spaced tie-backs as 
shown in Figure 1. The support system was designed 
based on a rectangular earth pressure distribution (24*H 
psf) specified in the design documents. Struts were 
preloaded to 50 percent of design load, and tie-back 
anchors to 100 percent. 
Figure 1, Typical Cross Section; Civic Center Excavation 
The excavation was monitored with an array of 
instruments including surface settlement markers, 
inclinometers, strain gages for struts, and load cells for 
tie-backs. These instruments were located in three 
zones, each of which included three consecutive strut 
support sections as shown in Figure 2. 
During excavation, excessive load accumulation was 
observed in many struts, while tie-back anchors were not 
affected. Measured strut loads at Level C eventually 
approached 1,100 kips, or 62 kips per lineal foot of 
Instrumentation Zones 
Figure 2, Plan View; Civic Center Excavation with 
Instrumentation Zones 
excavation as shown in Figure 3, which was about 
double the design load. The corresponding wall 
deflections, as measured by the inclinometers behind the 
soldier piles, are shown in Figure 4. Some gusset plates 
connecting the struts with the walers eventually crimped 
near the southern end of the station. Remarkably though, 
wall deflections were not affected by the strut problems. 
Neither did the strut failures cause any measurable 
ground surface settlements, sidewalk cracking, nor any 
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Figure 3, Measured Strut Loads at Level 11C11 ; Ciyic Center 
Station 
Various geotechnical experts were consulted after the 
excessive strut loads had developed, but they were unable 
to reach a consensus on the cause of the problem. The 
ensuing debate resulted in a number of recommendations 
ranging from . simply relieving the overloaded struts to 
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Figure 4, Inclinometer Profiles at Completion of Civic 
Center Excavation 
bolstering the support system with additional struts. The 
latter view prevailed, and an additional strut level was 
added between existing Levels B and C. 
One hypothesis put forward at the time was that 
insufficiently preloaded tie-back anchors may have 
transferred excess loads to the stiffer struts above. This 
mechanism was later shown to be unlikely, in view of 
loads measured in the neighboring Pershing Square 
station. This excavation (also partially in bedrock), had 
a support system composed of struts only. Even though 
the preloads for these struts had been reduced from 50 to 
25 percent, rapid load accumulation was again observed. 
At the completion of the Pershing Square excavation, 
more than 80 percent of the northern struts had 
accumulated forces in excess of the strut loads expected 
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Figure 5, Measured Strut Loads at Level "C"; Pershing 
Square Excavation 
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Finally, in a continued effort to explain the excessive 
strut loads, the analytical study reported herein was 
launched. Its ultimate goal was to develop design 
recommendations which would prevent a recurrence of 
the overloading problem. The fact that additional struts 
had been installed as a remedial measure at the Civic 
Center station could have been interpreted as justification 
for increased design earth pressures. On the other hand, 
the stiffer support systems resulting from such a step 
would tend to attract additional loads and increase 
construction costs. The results and conclusions 
developed in this study were intended to provide a basis 
for addressing these issues in future station excavations. 
METHOD OF ANALYSIS 
Finite Difference Model The analysis was performed 
with the finite difference computer program FLAC 
(Cundall, 1988). This PC- based program incorporates 
two decades of research and development in 
geomechanical modeling (Cundall, 1976). Over the 
years, FLAC and it's mainframe predecessor, OSAGE, 
have been utilized by the senior author on numerous 
projects. On many occasions, model predictions have 
been verified by comparing them with measurements of 
field performance and/or the results of physical model 
testing (Roth et al, 1983, 1986, and 1991). 
The constitutive equations in FLAC are used 
incrementally, allowing realistic handling of large strains 
and soil nonlinearities. Motions in response to external 
forces are approximated by finite difference equations 
applied to a network of zones that describe the modeled 
continuum. At each time step, incremental strains are 
computed for each zone, and corresponding stress 
increments are derived from a constitutive law. When 
stresses have been calculated for all zones, velocities and 
coordinates of the grid points are updated, and new 
incremental strains are computed. These computation 
cycles are repeated until internal stresses are in 
equilibrium with external forces. 
The Mohr-Coulomb constitutive law utilized for this 
analysis produces nonrecoverable deformations ("plastic 
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flow") when shear stresses reach the soil's shear 
strength. The latter is defined by the parameters of 
friction angle and cohesion, which are obtained from 
standard direct shear or triaxial compression tests. 
Because of the high strength of the bedrock, the load 
cases analyzed herein mostly involve elastic soil 
response. Under these conditions, earth pressures are 
highly dependent on the rigidity and installation sequence 
of the support system. 
Model Setup The soil (bedrock) continuum is 
represented by the two-dimensional, plane-strain model 
mesh shown in Figure 6. Due to symmetry, only one 
half of the excavation was modeled. The bottom 
boundary is fixed in both directions, and the side 
boundaries are fixed horizontally. Material properties 
are based on pre-design geotechnical investigations and 
as-built data obtained during construction. They are 
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Figure 6, Two-Dimensional, Plane Strain Model Mesh 
Soldier piles are represented by beam elements with axial 
and bending stiffness. Struts and tie-backs have axial 
stiffness with user-specified yield loads. Tie-backs 
consist of free lengths and anchored (grouted) sections 
connected to the grid points of the soil mesh by elastic-
plastic interface elements. The stiffness of individual 
structural members was converted to an equivalent 
stiffness per lineal foot of excavation. For example, the 
input value for the moment of inertia "I" representing the 
6-foot spaced soldier piles was 116 of the actual "I" of an 
individual soldier pile, and so on. Sizes of the as-built 
structural support components are given in Table 1. 
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TABLE 1 
MODEL INPUT PARAMETERS 
Puente Siltstone 
Shear Modulus = 740 ksf increasing to 1,480 ksf at 80 feet 
Bulk Modulus = 2,200 ksf increasing to 4,400 at 80 feet 
Friction angle = 0 
Cohesion = 10 ksf 
Soldier Piles 
W18x106; 6-foot spacing 
Deck Beam 
WTM 36 x 16.5 x 393; 6-foot spacing 
Pipe Struts 
30-inch diameter, 1/2 inch thick; 18-foot spacing 
Tie-Back Anchors 
Four 6-inch diameter strands; 6-foot spacing 
Insitu-Stresses Los Angeles Basin bedrock formations 
are heavily overconsolidated marine sediments. Their 
horizontal stress state is affected by locked-in 
compression -- the result of geologic consolidation under 
great overburden subsequently removed by erosion. In 
addition, a generally compressional tectonic environment 
of the basin tends to exacerbate horizontal in-situ 
stresses. Figure 7 shows a map of the major faults and 
postulated regional compression of the Los Angeles basin 





Figure 7, Los Angeles Basin Tectonic Regime 
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Numeric models of the "as-built" excavation were 
analyzed using coefficients of (horizontal) earth pressure 
at rest of K0 =0.5 and K0 = 1.0, respectively. The 
computed wall deflections, earth pressures, and induced 
support loads for these runs are presented in Figure 8. 
Both cases resulted in maximum wall deflections of about 
1 inch, which compared rather well with measured 
deflections ranging from 1/2 to 1 inch (Figure 4). A 
significant difference between the two cases exists, 
however, in the computed strut loads for Level C. Only 
the assumption of Ka = 1. 0 produced a strut load of about 
double the design level, as was measured in the field. It 
was therefore concluded that K0 = 1.0 represented a 
reasonable approximation of the pre-construction insitu-
stress state for the Civic Center site. All subsequent 
parametric runs were performed using this condition. 
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"installed", and excavation was simulated by removing 
the elements of the model mesh (Figure 6), one row at a 
time. The excavation process was periodically 
interrupted to "install" the struts and anchor tie-backs 
from Level A, down to F. 
The installation of struts was modeled in two phases. 
First, an external force representing the preload was 
applied to the soldier-pile wall. After reaching force 
equilibrium, a pre-compressed strut element was inserted, 
and the external force was removed. One end of the 
strut element was fixed in space, while the other one was 
attached to the beam element representing the soldier 
piles. 
Anchor installation was simulated in three phases. First, 
strut/ Anchor Load Support Pre-load 
(kips/foot of excav.) Level 
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0 A--
, 
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Figure 8, Civic Center Station Baseline Case: "As-Built" 
Mixed Support System; Effect of Insitu Stresses. 
Construction Sequence Induced strut loads are rather 
sensitive to the amount of soil relaxation allowed before 
strut installation. Therefore, it was essential that the 
construction sequence be modeled as realistically as 
possible. Once the pre-construction, in-situ stress state 
was established in the model, soldier piles were 
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the grouted section of the anchor was connected using 
elastic-plastic interface elements to the nearest grid points 
of the model mesh. Then, preloadin~ was simulated by 
applying a pair of opposing forces aligned with the 
anchor. One force supported the soldier pile, while the 
other pulled the grouted anchor section towards the 
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excavation. Finally, after reaching force equilibrium, the 
soldier pile and the grouted anchor section were 
connected through a pre-tensioned cable element 
representing the free anchor length, and the external 
forces were removed. 
The above procedures were pre-programmed and 
integrated into an automatic mesh generation scheme as 
part of the input stream, utilizing a special macro 
language which is unique to FLAC. Once generated, the 
macros allowed for maximum flexibility in the simulation 
of construction sequences for a wide range of possible 
excavation configurations and mesh resolutions. The 
input data required to analyze the different cases were 
thus reduced to brief single-line commands reflecting the 
real construction sequence. These commands determined 
the mesh size, insitu-stress conditions, intermittent 
excavation depths, depths of strut- and anchor 
installations, and strut- and anchor preloads. 
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"Baseline" Case The as-built excavation support 
system of the Civic Center station was analyzed to 
provide a baseline for comparison with additional "what-
if" cases involving hypothetical variations in the support 
system. Variations included differences in support 
stiffness and yield load, installation sequence and 
procedure, and support configuration. The modeled 
"what-if" cases were compared with the as-built 
"baseline" case, by means of the following computed 
results: (1) wall deflections; (2) earth pressures; and (3) 
induced support loads. 
Effect of Anchor Preloadin2 To assess the effect of 
preloading the tie-back anchors, the baseline case was 
repeated with anchor preloading reduced to 70% of 
design loads. The analysis results are plotted as black 
bars in Figure 9. For convenient comparison, this figure 
Strut/Anchor Load Support Pre·load 
(kips/foot of excav.) Level 
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Figure 9, Mixed Support System with 70% Anchor Preloading. 
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also contains an overlay plot of the baseline case with 
100% -preloaded anchors (shown as white bars). It can 
be seen that the reduction of anchor preloading had no 
measurable effect on either the induced strut loads, or on 
wall deflections. 
Effect of Strut Preloading The effect of strut 
preloading was investigated by analyzing a hypothetical 
case with strut preloads reduced to zero. A comparison 
with the baseline case shown in Figure 10 indicates that 
omitting the strut preloading would result in a 15% 
reduction in strut loads, even though wall deflections 
would remain essentially the same. 
Wall Deflection Earth Pressure 
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struts were not preloaded. As shown in Figure 11, even 
without preloading, the "Struts-Only" support system 
attracts more load than the "Anchors-Only" case. 
The inherent flexibility of an anchor when compared to 
a strut has little to do with the structural stiffness of the 
support member itself. Even an infinitely rigid anchor 
would allow wall deflections as a result of 
relaxation/expansion of the soil mass beyond the anchor's 
reach. No amount of anchor preloading can change this 
basic behavior. By contrast, an infinitely rigid strut 
inserted in an excavated slot would inhibit any wall 
deflections. 
strut/ Anchor Load Support Pre-load 
(kips/foot of excav.) Level 
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Figure 10, Mixed Support System without Strut Preloading. 
"Struts-Only" vs. "Anchors-Only" The possible 
contribution of a mixed strut-and-anchor support system 
to the strut overloading was also investigated. To this 
end, the results of an "Anchors-Only" run were 
compared with those of a "Struts-Only" system. The 
anchors were preloaded to 100% of design, whereas the 
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PROPOSED STRUCTURAL FUSE SCHEME 
General Concept The practical merit of shedding load 
by allowing small deflections of the excavation wall was 
explored using the "structural fuse" scheme shown in 
Figure 12. The objective of this scheme is to limit the 
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axial force which can be transmitted to a strut, thereby 
protecting it from overloading. A similar scheme was 
recently implemented at the new South Wharf at Pier J, 
Port of Long Beach, in order to avoid seismic 
overloading of batter piles (Roth et al, 1992). Rather 
than connecting t!le strut directly to the waler, an 
Wall Deflection Earth Pressure 
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intermittent "buttress beam" is allowed to yield in 
bending once the strut reaches its design load. Because 
the stress regime in the supported bedrock is well within 
its elastic range, allowing a very small wall deflection 
results in an immediate reduction of earth pressures. 
., 
Strut/Anchor Load Support Pre-load 
(kips/foot of excav.) Level 
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Figure 11, "Struts-Only" without Preloading vs. "Anchors-Only". 
Pipe Strut 
Figure 12, Proposed "Structural Fuse" 
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Analysis of Structural Fuse To demonstrate the 
beneficial effect of the structural fuse scheme, the as-
built case was re-analyzed with structural fuses at Strut 
Levels Band C. The first case shown in Figure 13 was 
analyzed with the fuses yielding at the original design 
load. Comparing the computed wall deflections with the 
more rigid baseline case also plotted in this figure, show~ 
that strut overloading could be avoided at the cost o1 
allowing minor additional deformations in the uppe1 
portion of the excavation. The maximum wall deflectior 
increased from about 1 inch for the "as-built" case to les! 
than 1.2 inches with the structural fuse scheme in place 
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Wall Deflection Earth Pressure strut/ Anchor Load Support Pre-load 
(Inches) (kst) (kips/foot of excav.) Level 
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Figure 13, Mixed Support System with Structural Fuse 
Yielding at 1~% Design Load. 
A second case was analyzed to investigate the practicality 
of reducing construction costs by further increasing the 
flexibility of the structural support system. Figure 14 
presents the results of a hypothetical excavation support 
system for the Civic Center station with structural fuses 
yielding at 50% of the original design load. By allowing 
the strut loads to dissipate to this reduced level, 
computed earth pressures decreased considerably, while 
the maximum computed wall deflection remained 
essentially unchanged at 1.2 inches. 
CONCLUSIONS AND RECOMMENDATIONS 
Based on the results of this study, the following 
conclusions apply to the Civic Center station excavation 
in particular, and to excavations in the Los Angeles basin 
bedrock formations in general: 
• The inherent stiffness of struts attracts large support 
forces. This situation is further aggravated by the 
practice of strut preloading, and by horizontal 
tectonic compression of the region. 
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• In contrast to struts, tie-back anchors are inherently 
flexible and, therefore, not susceptible to 
overloading. They allow excavation walls to deflect, 
regardless of the anchors' structural stiffness and the 
amount of preloading applied. 
• The amount of anchor preloading in a mixed Strut-
Anchor support system has little, if any, effect on the 
support forces induced in the adjacent strut support 
levels. 
• Strut preloading, on the other hand, significantly 
increases the final strut loads, but only negligibly 
reduces excavation wall deflections. 
• Strut loads for excavations in competent bedrock 
without adverse bedding conditions can be 
significantly reduced· by installing a 11 structural fuse 11 • 
Induced support forces can be relieved at the expense 
of minor increases in wall deflections. 
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Wall Deflection Earth Pressure Strut/Anchor Load Support Pre-load 
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Figure 14, Mixed Support System with Structural Fuse 
Yielding at 50% Design Load. 
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METRIC CONVERSIONS 
1 in 0.0254m 
1 ft = 0.3048m 
1 kip = 4.448 kN 
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